Reconfigured flexible filaments exposed to steady fluid load were investigated using a novel non-contact optical technique to measure the normal fluid force due to the fluid loading on inclined cylinders for Reynolds numbers from 25 to 460: a range not covered in previous studies that is of relevance in drag reduction and energy harvesting applications. The ranges of the buoyancy number and the Cauchy number covered in the tests were 3.6 × 10 4 ≤ ≤ 2.1 × 10 6 and 7.6 × 10 4 ≤ ≤ 1.4 × 10 7 . These newly generated data were then used to assess and extend the validity of existing prediction methods for the normal fluid force at low Reynolds numbers. New prediction methods for the equilibrium inclination angle and for the fluid dynamics load were developed for small Reynolds number applications, based on extrapolating existing theoretical results for marine vegetation.
Determination of the Normal Fluid Load on Inclined Cylinders from Optical Measurements of the Reconfiguration of Flexible
Filaments in Flow
Introduction
The determination of the steady fluid dynamics loads on slender and stationary cylindrical bodies is a problem relevant to several practical applications, and has been the subject of extensive research for the last century. Slender cylindrical cables and stranded wires are encountered in electrical power transmission systems and telecommunication lines and are extensively used for structural support in aerial applications such as architectural structures and suspension bridges (Hoang et al., 2015) . The knowledge of the steady fluid forces is required in the design of offshore slender structures (Ersdal and Faltinsen, 2006) , and slender bodies subjected to steady fluid loads are common in natural systems, notably in the reconfiguration of vegetation (de Langre, 2008; Luhar and Nepf, 2011) . Recently, the study of thin and flexible cylindrical filaments in relative motion with respect to the surrounding fluid has become an active area of research due to potential use of flexible filaments for drag reduction (Favier et al., 2009; Niu and Hu, 2011) and energy harvesting (Grouthier et al., 2014) . In all these applications, stationary and slender cylindrical structures are exposed to a steady fluid flow with arbitrary relative inclination between the flow direction and the cylindrical structure axis, covering all possible inclinations from cross-flow (i.e. flow direction orthogonal to the axis of the cylindrical structure) to parallel flow (i.e. flow direction aligned with the axis of the cylindrical structure). It is evident that the force exerted by the flow on the stationary cylindrical structure is a key design parameter, together with its dependence on the relative inclination between the flow direction and the axis of the cylindrical structure.
Available data of fluid forces on stationary inclined cylinders (Relf and Powell, 1917; Bursnall and Loftin, 1951; Smith et al., 1972; Ersdal and Faltinsen, 2006) have been generated for naval and wind engineering applications, where the Reynolds number (based on the cylindrical structure diameter and the free stream flow velocity) typically varies between Re ≈ 10 3 and Re ≈ 10 6
. Reynolds number values typical of stationary flexible filaments of interest for drag reduction and energy harvesting applications, on the other hand, are in the range of Re ≈ 10 to Re ≈ 10 3 : well below the range covered by existing data and prediction methods. The main objective of the present study is therefore to provide new data on the fluid dynamics load on stationary and slender cylindrical structures for these low Reynolds number applications. In particular, using very thin and flexible filaments and a novel non-invasive optical technique we indirectly resolved the very small fluid dynamics loads (on the order of 10-100 μN) for relative inclinations between flow direction and filament axis from 10 to 80 degrees and Reynolds numbers from Re = 25 to Re = 460, thus significantly extending the range covered to date. These newly generated data were then used to assess the validity of existing fluid dynamics load prediction methods for inclined cylinders at low Reynolds number values. Finally, new prediction methods for the fluid dynamics load and the inclination angle are developed for small Reynolds number applications.
In what follows, the experimental technique is presented first, followed by the description and discussion of the results.
Experiments and Methods
The experimental technique devised here to indirectly measure the fluid dynamics load on inclined stationary cylinders is based on the static reconfiguration of flexible thin filaments exposed to steady airflow in a wind tunnel. A schematic representation of the test piece is provided in Fig. 1 . The test piece was realized by introducing the flexible filament extremity for about 5 mm into a straight stainless steel support tube (external diameter: 1.1 mm, internal diameter 0.9 mm, length: 100 mm). The filament extremity was then fixed with glue cement to the free end of the support tube so as to reproduce a cantilever boundary condition for the flexible filament. The homogeneity of the connection of the filament to the support tube was checked by rotating the support tube around its axis while holding it horizontally, and visually verifying that the configuration assumed by the inflection of the hanging filament remained the same regardless of the rotation position of the support. The support tube was secured to a support plate and was introduced from the top inside the wind tunnel so that in the absence of flow the filament would hang vertically like a pendulum in cross flow. Under the influence of a steady fluid load, as shown in Fig. 2 , the flexible filament is deflected into a static equilibrium configuration with inclination with respect to the vertical depending on the wind speed, similarly to what is observed with plants and other slender flexible structures exposed to steady fluid flow (Luhar and Nepf, 2011; Schouveiler et al., 2005) . As can be noticed in Fig. 2 , due to its high flexibility the reconfigured filament is bent only in a very small region close to the support tube, while it remains straight and rectilinear over most of its length. Clearly, the static reconfiguration of the filament under a steady wind speed is determined by the equilibrium of all the forces acting on the filament, namely its own weight, the fluid load and the reaction of the support tube. This latter, in particular, includes a concentrated bending moment that accounts for the filament bend close to the fixed end. As the reconfigured filament is rectilinear except near the fixed end, no other bending effects are present besides the concentrated bending moment at the fixed end. A simple momentum balance with respect to the filament fixed extreme, therefore, can in principle provide the total normal force exerted by the flow on the filament, provided that the total filament weight and the concentrated bending moment at the filament fixed extreme are known. The absence of any appreciable variation of the inclination angle of the reconfigured filament along its length allows deducing the local normal force at the filament equilibrium inclination from the total normal force exerted by the flow on the filament. In particular, the reconfigured filament in equilibrium can be modeled as schematically indicated in Fig. 3 , where W represents the filament weight, F the fluid force while M spring is the concentrated bending moment that accounts for the filament bend close to the fixed end. As can be seen in Fig. 3 , both W and F are decomposed into their normal (W N and F N ) and tangential (W T and F T ) components with respect to the filament axis. The free stream flow velocity is U, which in Fig. 3 is decomposed into its normal (U N ) and tangential (U T ) components with respect to the filament axis. A momentum balance with respect to the filament fixed extreme (point A in Fig. 3 ) yields:
where L is the effective rectilinear length of the filament, which is determined from image processing of the reconfigured filament as schematically shown in Fig. 4 . Table 1 , U = 4.2 m/s).
As can be noticed in Fig. 4 , the effective rectilinear length L of the reconfigured filament is slightly shorter than the filament nominal length. In this study, due to the high flexibility and the relatively large length to diameter ratio of the filaments used,
the effective rectilinear length L of the filaments was always only a few percent shorter than the nominal length, a difference that within the limits of the present study was considered of second order importance. The normal component of the filament weight is given as:
where and are the filament and fluid (air) densities, D avg is the average diameter of the filament, g is the acceleration of gravity and θ is the inclination angle of the filament with respect to the horizontal. The concentrated bending moment M spring is estimated as follows:
where k is the flexural elastic constant of the filament, which was measured in static deflection tests under self-weight (more details in Appendix A). In this study, due to the high flexibility of the filaments used, the contribution of the concentrated bending moment to the force in the second term on the right-hand side of Eq. (1) was always at least three orders of magnitude smaller than the normal component of the filament weight W N . Besides, the filament density was much larger than the air density (i.e. ρ s >>ρ f ). For the experiments presented here, therefore, Eq. (1) can be simplified as follows:
As can be seen in Eq. (4), the only parameters that have to be measured are the fluid flow speed and the inclination of the filament with respect to the vertical. This latter, in particular, can conveniently be deduced with non-contact image capture and post processing. This provides an indirect measuring technique for the normal fluid force on inclined cylinders based on non-invasive optical measurements of the deflection of highly flexible filaments in steady fluid flow. This indirect technique allows circumventing the difficulty of directly measuring the very small fluid forces that are at play at the low Reynolds numbers of interest here, which are on the order of 10-100 μN. An intrinsic limitation of this technique is that the fluid flow velocity and the filament equilibrium inclination vary simultaneously, so that it is not possible to run experiments keeping a fixed inclination while varying the flow velocity, or vice-versa vary the filament inclination while keeping the same flow velocity. The parameter space can however be explored by systematically varying the filament diameter and length. In this study, in particular, we tested nine flexible filaments with average diameter D avg in the range of 400 μm to 610 μm and nominal length L nom from 25 mm to 75 mm (measured to within ± 0.5 mm), as summarized in Table 1 . Another limitation of the present experimental technique is that the fluid force has to be large enough to deflect the filament, and this constitutes a lower limit on the achievable Reynolds number that depends on the density difference between filament and fluid, which in turn determines the filament net weight. The flexible filaments in Table 1 were realized using an additive manufacturing system (3D-Bioplotter by Envisiontec GMBH, Germany) that allowed producing thin and straight filaments with the desired flexibility and smooth surface finishing, as shown in Fig In particular, the filaments were manufactured from a highly flexible commercial silicone rubber (ρ s = 1.00±0.05 g/cm 3
) and were printed following straight paths in order to avoid any bends or permanent deformations. The filaments diameter was measured optically at several locations along the filaments (to within ± 20 μm).
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Maximum D max and minimum D min diameter values are included in Table 1 , together with the average figures. As can be seen, the variation of the diameter along the filaments is either negligible (filaments 1-3) or within a few percent (filaments 4-9). These variations of the filaments diameter were considered of second order importance and were therefore neglected in the post-processing of the data, where only the average figures were used. Additionally, the tensile modulus (E), Poisson ratio (ν) and bending rigidity (EI) of the filaments were determined in preliminary tension and static deflection tests (details and results are included in Appendix A). Even though these parameters are not used in the analysis presented here, they are included for completeness and for future reference, notably for numerical modeling.
The experiments were performed in a commercial wind tunnel (Armfield) of octagonal cross section with height and width of 350 mm. Flow speed measurements were performed with a calibrated hot-wire anemometer which was validated in-situ via a standard experiment of vortex shedding from a circular cylinder in cross flow (see Appendix B for details). In particular, the hot-wire anemometer was located 200 mm downstream and 100 mm below the lowest point of the hanging filament in order to obtain undisturbed flow velocity measurements. The extension of the boundary layer, the uniformity of the velocity profile and the turbulence intensity within the wind tunnel were measured before testing the flexible filaments. The boundary layer extended less than 10 mm from the walls of the wind tunnel at a flow velocity of 1.0 m/s corresponding to the lowest speed setting employed for this experiment, and the velocity profile across the wind tunnel (excluding the boundary layer) was uniform to within 1% (i.e. less than 1% deviation of the normalized speed with respect to the centerline speed). This assures that the flexible filaments were always exposed to a uniform and fully developed velocity profile during the tests. The turbulence intensity was 0.6% in the range of free stream velocities of 1 m/s to 10 m/s of interest here. Finally, the temperature and pressure in the laboratory during the experiments were 293±1 K and 101±1 kPa, respectively.
The reconfiguration of the flexible filaments was recorded using a digital camera (Lumix DMC-FZ200 by Panasonic; recording frequency: 200 frames per second; acquisition duration: 60 s; resolution 480x640 pixels) positioned on the side of the wind tunnel (X-Y plane), as schematically shown in Fig. 6 . The equilibrium inclination angle of the reconfigured filaments was deduced via standard image processing of the recorded videos. In principle, one image would suffice to determine the inclination angle of the filament. In practice, however, the use of fast video imaging and rather long acquisition time allows one to check for possible filament vibrations and movement during the tests. None of these was observed during the experiments, so that all the results presented here refer to static reconfigured filaments in steady fluid flow. Occasional flow fluctuations induced very small oscillations on the filament, but these decayed shortly after. In fact, the root-mean-squared displacement in the Z direction was in the worst case 0.19 mm, i.e. below the optical resolution in this plane which was of 0.22 mm. As schematically shown in Fig 6, an additional fast imaging camera was located on the top of the wind tunnel to check for any filament lateral deflections in the X-Z plane, which would indicate a possible imperfection in the setup. The filaments in static equilibrium did not exhibit resolvable lateral deflections in the X-Z plane during any of the tests we performed. The root-mean-squared displacement in the Z direction was at most 0.14 mm, i.e. below the optical resolution in this plane which was of 0.15 mm. The tests on the flexible filaments began with the filament hanging vertically from the ceiling of the wind tunnel (θ = 90°) and no flow. The wind tunnel fan motor was then started and the wind velocity was slowly set to 1.0 m/s (minimum stable velocity achievable in this wind tunnel). In order to avoid any transients the video recording started about 15 seconds after setting the wind speed, a delay sufficient to damp out any transient effects (the fluid transit time through the wind tunnel was below 3-4 s). The wind speed was then gradually increased in steps of roughly 0.5 m/s until just before the filament started to vibrate. The flow speed was then decreased gradually down to the minimum. No hysteresis effects were observed during the tests. This procedure was repeated for each of the filaments listed in Table 1 . Moreover, each data point was repeated three times after rotating the filament support tube of about 90 degrees around its axis, therefore collocating the filament facing the flow in three different orientations. This allowed us to check the influence of any cross section out-of-roundness and/or any sensitivity to coupling imperfections of the filament to the support tube. No noticeable effects were observed during the tests. Notwithstanding the filaments flexibility, no elongation and/or permanent deformation were observed during or after the tests.
Results and discussion
Representative results obtained for filaments No. 1 to No. 3 from Table 1 are presented in Fig. 7 . Analogous results for the other filaments tested are provided in Appendix C. In particular, the data presented in Fig. 7 include the filament inclination angle with respect to the horizontal, the normal force calculated from Eq. (4) and the normal force per unit filament length, all presented as function of the flow velocity. As can be seen, the filament inclination angle presents a decreasing trend versus flow velocity, consistently indicating that the filament inclination with respect to the horizontal gradually decreases as the flow velocity is increased. The normal force depicts a growing and saturating trend with a clear dependence on the filament length, i.e. longer filaments experience larger normal forces. In particular, the normal force tends asymptotically to the total filament weight (included in Fig. 7 as horizontal dashed lines) for large flow velocities, where the filament reconfigures to a close-to-horizontal configuration. Normal forces per unit filament length only depend on the flow velocity, as can be seen in Fig. 7 (bottom) . This can be justified by considering that within the limits of the present approach the normal force per unit filament length depends on the filament diameter and inclination angle, as shown in Eq. (4). The diameter is the same for the filaments in Fig. 7 , while the inclination angle is in a one-to-one correspondence with the flow velocity, as shown in Fig. 7 (top) . Notably, the data presented in Fig. 7 include all the measurements taken with filaments No. 1 to No. 3, namely the measurements taken with both increasing and decreasing wind speeds, as well as the repeated data points generated after rotating the filament support tube around its axis.
Moving on, we now compare our newly generated data for the normal force on inclined cylinders at low Reynolds number with existing data and prediction methods, generated and developed for high Reynolds number applications (above about Re=2000). A popular prediction method for ocean engineering applications is provided by the so-called loading function (Casarella and Parsons, 1970) . In this approach, the normal force F N is predicted as:
where f(θ) is the loading function: a dimensionless function of the inclination angle θ determined empirically to fit measured data, while F⊥ is the normal force acting on the same cylinder in cross flow configuration:
where the drag coefficient C d is calculated using the free-stream flow Reynolds number:
where D and L are the cylinder diameter and length, while ρ f and μ f are the fluid density and viscosity. As can be seen, the basic idea of the loading function approach is to predict the normal fluid force acting on an inclined cylinder by correcting the normal force that would act on the same cylinder exposed to the same flow but in cross-flow configuration (i.e. with the cylinder axis perpendicular to the flow velocity) by making use of an empirically derived loading function, which is a function of the cylinder inclination angle. The loading function approach has been developed for ocean engineering applications where the Reynolds number is typically on the order of 10 3 -10
5
. Different loading functions have been proposed in the literature (Casarella and Parsons, 1970) , however the simplest and most frequently used is the following:
Another well-known prediction method for the normal force on inclined cylinders is the so-called independence or cross flow principle. In this method, the normal force F N is predicted as:
As can be seen, Eq. (9) is formally analogous to Eq. (6) for the normal force acting on a cylinder in cross-flow configuration. However, the free stream velocity U in Eq. (6) is replaced in Eq. (9) with its normal component U N , and the drag coefficient C d,N in Eq. (9) is evaluated at a Reynolds number computed with Eq. (7) using the normal velocity component U N in place of the free stream velocity U. In other words, the basic idea of the independence principle is to predict the normal fluid force acting on an inclined cylinder using the same relation that holds for the same cylinder in cross-flow configuration, by simply replacing the free stream flow velocity with its normal component to the cylinder axis. Presently, the theoretical proof of validity of the independence principle is limited to laminar flows with no flow separation, and assuming an infinite cylinder with no end-effects (Zdravkovich, 2003) . Existing experimental evidence (Zdravkovich, 2003) suggests that the independence principle is applicable for cylinder inclination angles between 90° and 50°, while its applicability for other inclination angles remains uncertain at the moment. On the other hand, loading functions are not restricted to any specific range of inclination angles and being wholly empirical can potentially accommodate all situations of practical interest.
It is evident from inspection of Eq. (6) and Eq. (9) that in order to use either the loading function or the independence principle to predict the normal fluid load on inclined cylinders, one needs a correlation for the drag coefficient C d versus Reynolds number for cylinders in cross flow. In the experiments discussed here the Reynolds number varies between 25 and 460, a range where the variation of the drag coefficient is large and cannot be ignored by simply assuming a constant drag coefficient as frequently done in high Reynolds number applications. The drag coefficient correlation specifically derived for use here reads as follows: 
In particular, Eq. (10) was derived using available data from the literature for Reynolds number from 10 -1 to 10 5 and is quite accurate in the range of interest here (more details are provided in Appendix D). The range of validity of Eq. (10) was selected to cover the Reynolds number values of interest here, as well as those covered by existing studies of relevance for the present work. Notably, Eq. (10) is not valid for the drag crisis, where a more complicated fitting equation would be required.
Our newly generated data for the normal force on inclined cylinders at low Reynolds number are presented in Fig. 8 as the ratio of the normal force on the inclined cylinder to the normal force generated on the same cylinder in cross flow configuration, i.e. F N /F⊥ (referred to in the following as normal force ratio) versus cylinder inclination. Literature data (Bursnall and Loftin, 1951; Ersdal and Faltinsen, 2006; Relf and Powell, 1917; Smith et al., 1972) at high Reynolds number (2x10 3 -3x10 5 ) are also included in Fig. 8 , as well as the loading function in Eq. (8) (more details on these literature data for inclined cylinders are provided in Appendix E). The relative uncertainty in the normal force ratio F N /F⊥ for the present data is within 5-15% and is notably larger at higher inclination angles, which explains the higher scatter in the data that can be observed in Fig. 8 at high inclination angles. As can be seen, our data at low Reynolds number compare favourably with literature data generated at higher Reynolds number, and overall the data display a growing and saturating sigmoidal trend with inclination angle that is rather well reproduced by the loading function in Eq. (8). Despite its simplicity and within the limits of the present study, therefore, the loading function approach seems appropriate to predict the normal force on inclined cylinders even at low Reynolds number values. In particular, our newly generated data are predicted with a mean absolute error of 16.1 %. Our newly generated data for the normal force on inclined cylinders at low Reynolds number are displayed in Fig. 9 as normal force per unit cylinder length versus the predictions of the independence principle in Eq. (9). Literature data (Bursnall and Loftin, 1951; Ersdal and Faltinsen, 2006; Relf and Powell, 1917; Smith et al., 1972) at high Reynolds number (2x10 3 -3x10 5 ) are also included in Fig. 9 (mean absolute percentage error of 17.1%). As can be seen, our measurements and predictions compare quite well (mean absolute error of 11.4%), indicating that within the limits of the present study the independence principle approach works well at low Reynolds numbers. Notably, this approach seems to work well at all inclination angles, not only for cylinder inclination angles between 90° and 50° where this method has been experimentally validated (Zdravkovich, 2003) . In the context of marine vegetation reconfiguration, (Luhar and Nepf, 2011) recently studied the deflections of flexible rectangular blades (vertical and positively-buoyant) due to steady water cross flow. Using the Euler-Bernoulli beam theory, they derived a theoretical model for the prediction of the blade equilibrium configuration under steady fluid load as function of two dimensionless parameters, namely the Cauchy Ca and buoyancy B numbers, which they defined as follows:
where b stands for the blade width projected to the flow, L is the axial length of the blade, A is the blade axial cross section, C d is the drag coefficient of the vertical blade in cross flow, U is the free stream flow speed, g is the acceleration of gravity, EI is the bending rigidity of the blade, while and are the densities of the fluid and the blade, respectively. Particularly, our experimental data for the flexible filaments lie in the ranges of 3.6 × 10 4 ≤ ≤ 2.1 × 10 6 and 7.6 × 10 4 ≤ ≤ 1.4 × 10 7 . In their study, (Luhar and Nepf, 2011) considered also the limiting case of flexible blades with zero rigidity, i.e. highly flexible reconfiguring blades. The simplified relation they derived for the prediction of the blade equilibrium inclination angle for the limiting case of zero blade rigidity reads as follows:
where was the angle between the blade and the vertical ( = 0° when the blade was upright with no deformation). Even though originally derived for rectangular blades, and not for filaments, Eq. (13) is specific for highly flexible reconfiguring structures, so that its applicability to the flexible filaments of interest here seems apt, at least as a first approximation. This extrapolation gives:
As can be seen in Eq. (14), the ratio of the Cauchy to buoyancy numbers Ca/B can conveniently be expressed as the product of the drag coefficient C d , the mass ratio * = /( − ) and the Froude number = 2 /( ), thus providing further insight. Measured inclination angles for the flexible filaments in Table 1 are compared with the predictions of Eq. (14) in Fig. 10 . In particular, the drag coefficient C d needed as input to Eq. (14) was evaluated using Eq. (10). As can be seen in Fig. 10 , the agreement between measurements and predictions is quite good (mean absolute error of 8.6%). This suggests that the theoretically derived ratio of the Cauchy to buoyancy dimensionless number Ca/B indeed captures the relevant physics of flexible reconfiguring structures exposed to steady fluid load, irrespective of their cross-sectional geometry. It can be noted that Eq. (14) overpredicts the inclination angle in the low-angle range. It could be argued that at these highly deflected configurations the filament rigidity may have a nonnegligible effect on the net bending moment. However, as shown before, in the range of Cauchy numbers here studied (7.6 × 10 4 ≤ ≤ 1.4 × 10 7 ) the contribution of the filament bending rigidity is at least 3 orders of magnitude smaller than the weight component. Thus, we suspect that this disagreement might be attributed to peculiarities in the flow field which affect the fluid force acting on the inclined body but which are not taken into account in the theoretical formulation, such as flow separation and end-effects. A practical disadvantage of Eq. (14) is that it is implicit in the equilibrium inclination angle. Equilibrium inclination angles measured for the flexible filaments in Table 1 are presented in Fig. 11 as function of the Cauchy to buoyancy ratio Ca/B. Fig. 11 Equilibrium inclination angles for the flexible filaments in Table 1 vs.
Cauchy to buoyancy ratio Ca/B.
As can be seen in Fig. 11 , the data cluster quite well, showing that an empirical correlation between the equilibrium inclination angle and the Cauchy to buoyancy ratio Ca/B can provide an explicit alternative to the implicit theoretical model in Eq. (14). In particular, the data in Fig. 11 exhibit an S-shape trend that can be conveniently reproduced with a generalized sigmoid function as follows:
Equation (15) fits the equilibrium inclination angles for the flexible filaments in Table 1 with a mean absolute error of 5%, thus providing an accurate and explicit empirical alternative to the implicit theoretical model in Eq. (14). It is clear at this point that the Cauchy to buoyancy ratio Ca/B encapsulates the relevant physics of flexible reconfiguring structures exposed to steady fluid load. It seems spontaneous, therefore, to try using it to correlate normal force ratios as done in Fig. 12 , where the normal force ratio F N /F⊥ measured for the filaments in Table 1 is plotted as function of the Cauchy to buoyancy ratio Ca/B. Fig. 12 Normal force ratio measured for the filaments in Table 1 vs. Cauchy to buoyancy ratio Ca/B.
As can be seen, the data points cluster remarkably well, showing saturation at low Cauchy to buoyancy ratio (where the normal force ratio approaches 1) and a decreasing trend as the Cauchy to buoyancy ratio increases. A simple empirical relation that fits the data in Fig. 12 is provided below:
Measured normal force ratios are compared in Fig. 13 with the predictions of Eq. (16): as can be seen, the agreement between data and predictions is quite good (mean absolute error of 2.9%). Equation (16), therefore, can be suggested as a physically-based empirical correlation to predict the normal force ratio in reconfigured flexible filaments in steady fluid flow, which within the limits of the present study is more accurate than the loading function or independence principle previously discussed. 
Concluding remarks
We described a novel non-invasive experimental technique for measuring the steady normal fluid force on inclined cylindrical bodies by means of the optical analysis of the reconfiguration of flexible filaments exposed to steady fluid flow. During the tests, the Reynolds number varied between 25 and 460, while the buoyancy number and Cauchy number ranges covered were 3.6 × 10 4 ≤ ≤ 2.1 × 10 6 and 7.6 × 10 4 ≤ ≤ 1.4 × 10 7 . This indirect technique allows circumventing the difficulty of directly measuring the very small fluid forces (on the order of 10-100 μN) that are at play at the low Reynolds numbers of interest for drag reduction and energy harvesting applications. Particularly, the technique was used here to generate new normal force data for Reynolds numbers between 25 and 460, a range not covered in previous studies. Using these newly generated data we assessed and extended the validity of the loading function and the independence principle approaches for predicting the normal force ratio at low Reynolds number. Our data suggest that the Cauchy to buoyancy dimensionless ratio Ca/B originally derived by Luhar and Nepf (2011) for flexible vegetation captures the relevant physics of reconfiguring flexible structures exposed to steady fluid load, and we developed new simple and explicit empirical prediction methods for the equilibrium inclination angle and the normal force ratio that can be suggested for use in general applications with flexible reconfiguring filaments.
Appendix A

A.1 Determination of Young modulus (E) and Poisson ratio (ν)
Filaments of L=70mm were held hanging tightly from top while the other end was free. A small paper basket was attached to the free end via a cotton string (the unitary strain of the filament due to the weight of this basket was about 1%). The reference point for measuring the elongation was the point where the basket was attached. This was the initial configuration, i.e. no deformation, after which small weights of known mass were gently added to the basket and the resulting elongation of the filament was recorded after 30 seconds to allow for the filament to fully stretch. The loads were then carefully removed one by one in order to detect any hysteresis effect. The maximum elongation was kept below 30% in order to avoid any plastic deformation in the filaments tested.
The diameter change due to the axial deformation of the filament was also measured. Two digital cameras were located perpendicular to each other and focused on the mid-section of the hanging filament. Images were taken before and after the small loads were added to the basket. The Poisson ratio was computed via the relationship: = − ( − )⁄ . Where D f and D i are the measured diameters after and before adding a new load. Image processing was carried out using Matlab.
For each load, the axial stress on the filament was determined using a diameter computed through volume conservation, and cross checked with the one computed via the Poisson ratio. The diameter values in the following table are the initial ones before adding any weight. These were previously determined from images taken with a Scanning Electron Microscope (SEM). 
A.2 Determination of the Bending rigidity (EI) and torsional spring constant (κ)
The bending rigidity of the filaments was determined from static deflection tests under self-weight. The filaments were clamped from one end and were let to hang horizontally and bend under their own weight. The filaments initially had a length of 70 mm, and were gradually shortened by carefully cutting pieces of approximately 15 mm. Images of the filaments configuration were taken with a digital camera and were later post-processed using Matlab. The bent configuration of the filaments is due to a balance between the moment due to filament weight and the resistance offered by the bending rigidity (EI) of the structure. The slope variation along the filament was determined from the shape of the filament and the bending rigidity (EI) was subsequently determined from the bending-curvature relationship for beams, i.e. = . The local moment M is due to the total weight load perpendicular to the local portion along the filament length s, i.e. cos ; and α is the local angle as shown in Fig. A2 . Figure A2 Deflected shapes of a filament under self-weight
The curvature of the filament close to the fixed end, here referred to as a "knee", depends on the moment acting on the axis of the filament. In this particular case, the moment is due to the weight component acting perpendicular to the local curvature. Therefore, this curvature is a characteristic response of the filament due to an external load. This change of curvature due to external load can be modelled as a torsional spring. Therefore, an average characteristic torsional coefficient (κ) was determined for representing the moment occurring in this deformed portion of the filament via the following relationship:
Support where is an average of the local angles (in degrees) along the filament. The value of κ is the average torsional coefficient, measured in Nm/degree. Noteworthy, this torsional coefficient was found to be constant for a particular filament diameter, regardless of the filament length. Once this torsional coefficient was determined for each filament, it was used for computing the moment responsible of producing the bend observed during the experiments via = , regardless of the nature of the loads producing the deformation. Table A2 shows the results obtained from these tests. In this model, the effect of the torsional spring on the equilibrium position of the filament is expected to be minimal since it is proportional to the bending rigidity of the filament, which is very low and may even be neglected. Nevertheless, it was included in the calculations of the normal force.
Appendix B
Validation of Constant Temperature Hot-Wire Anemometer Measurements
The straight hot-wire was located 100 mm downstream of a circular cylinder of diameter 15.5 mm which was set in cross flow configuration across the wind tunnel test section. The probe was then set 30 mm offset from the axis of the cylinder to detect vortex shedding. The measurements are presented in Fig. B1 , where the cylinder Strouhal number is displayed as function of the cylinder Reynolds number. As can be seen, the measurements compare well with the following well known correlation (Blevins, 1990 ): where the numerical coefficients were fitted to a large databank for cylinders in cross flow collected from the literature: 416 data points for smooth circular cylinders in cross flow covering Reynolds numbers between 0.1 to 300,000, collected from the following works: (Bursnall and Loftin, 1951; Delany and Sorensen, 1953; Fage, 1930; Fage and Falkner, 1931; Fage and Warsap, 1929; Finn, 1953; Humphreys, 1960; Lindsey, 1938; Schewe, 1983; Schiller and Linke, 1933; Smith et al., 1972; Stroman, 1997; Tanida et al., 1973; Thom, 1928; Tritton, 1959; Wieselsberger, 1922) . This fitted correlation has a Mean Absolute Percentage Error (MAPE) of 6.5% for 0.1<Re<500; 6.7% for 0.1<Re<1,000; and, 7.3% for 0.1<Re<300,000. Data and correlation are shown in the figure below. As can be seen, the proposed correlation fits well the data, although it slightly overpredicts the measurements for Reynolds numbers within 10 3 -10 4
. It is worth noting that the available data in this region are rather limited and quite scattered. In principle, a correlation could be fitted to include data from the drag crisis range (Re≥3x10 5 ). However, these were not included because the present study is focused on low Reynolds numbers, and it would also complicate the fitting procedure. 
